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water  drop  environment,  this  investigation  concentrated  on  a  very  idealized 
water  drop  Impact  condition:  the  normal  Impact  of  a  spherical  water  drop  on 
a  plane  surface.  Impact  experiments  were  conducted  in  a  specially  designed 
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on  aaterials  at  impact  velocities  from  200  to  850 may.  A  reproducible,  con¬ 
trolled,  and  well-characterized  impact  condition  ife-tiecessary  if  an  accurate 
assessment  of  the  material's  response  is  to  be  established  and  this  require¬ 
ment  has  been  satisfied  within  this  program. 

Significant  advances  have  been  made  in  understanding  the  mechanics 
of  water  drop  impacts  on  materials  and  the  sequence  of  events  taking  place 
during  the  collision  process  which  relates  directly  to  the  form  of  the  frac¬ 
tures  produced  in  polycrystalline  zinc  sulfide.  Measurements  of  the  identi¬ 
fiable  features  of  the  water  drop  impact  damage  in  zinc  sulfide  were  made  and 
correlated  with  the  results  from  the  available  analyses  pertaining  to  the  form 
of  the  interfacial  pressure  distribution,  the  onset  of  lateral  outflow  jetting, 
and  the  general  form  of  the  subsurface  fracture  patterns. 

In  addition  to  accurately  characterizing  water  drop  impact  damage  in  materials, 
two  alternative  methods  were  investigated  for  simulating  the  effects  of  water 
drop  collisions:  water  jets  and  nylon  beads  (or  soft  body)  collisions.  Both 
simulations  offer  flexibility  in  the  specimen  geometry  since  the  impacting 
mass  is  propelled  against  a  stationary  target.  The  damage  on  zinc  sulfide 
produced  by  nylon  bead  impacts  compared  favorably  with  that  due  to  water  drop 
collisions.  The  potential  exists  for  establishing  equivalence  relations  for 
simulating  the  primary  features  of  water  drop  impact  damage  in  selected  classes 
of  materials  using  soft  polymeric  beads.  The  impact  damage  produced  on  zinc 
sulfide  by  well  characterized  water  jet  collisions  was  found  to  display 
^signif leant  deviations  from  that  due  to  water  drops. 

The  water  drop  impact  damage  on  single  crystal  and  polycrystalline  calcium 
fluoride  was  also  investigated.  Some  general  observations  are  made  with 
regard  to  the  form  of  the  fractures  in  extruded,  hot-pressed,  and  press-forged 
calcium  fluoride. 
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INTRODUCTION 
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Significant  advances  have  been  made  in  understanding  the  aechanlca 
of  water  drop  impacts  on  materials  and  the  sequence  of  events  taking  place 
during  the  collision  process  which  relates  directly  to  the  form  of  the 
fractures  produced  in  polycrystalline  sine  sulfide.  Experiments  were 
carried  out  in  the  ETI  liquid  drop  impact  facility  which  is  unique  with 
regard  to  the  production  and  characterization  of  spherical  water  drop  im¬ 
pacts  for  velocities  ranging  from  200  to  8S0  ms~^.  Considerable  attention 
has  been  devoted  to  the  test  procedure  in  order  to  assure  that  the  experi¬ 
mental  results  are  representative  of  the  idealized  models  used  for  analyz¬ 
ing  the  impact  event  and  to  describe  the  damage  within  the  target  material. 

Using  zinc  sulfide  as  the  target  material,  measurements  have  been 
made  of  the  onset  of  circumferential  fractures  which  define  the  boundary 
of  the  central  undamaged  zone  (Adler,  1979),  the  location  of  the  maximim 
in  the  peak  pressure  distribution  generated  on  the  water  drop/target  inter¬ 
face,  and  representative  dimensions  for  the  dominant  subsurface  fractures 
which  have  been  identified.  The  general  form  of  the  subsurface  fracture 
patterns  have  been  interpreted  in  terms  of  the  transient  stresses  gener¬ 
ated  by  the  impact.  The  available  analyses  and  experimental  data  appear 
to  be  reasonably  correlated. 

In  addition  to  accurately  characterizing  water  drop  impact  damage 
in  materials,  two  alternative  methods  have  been  investigated  for  simulating 
the  effects  of  water  drop  collisions:  water  jets  and  nylon  beads  (or 
soft  body)  collisions.  Both  simulations  offer  flexibility  in  the  speci¬ 
men  geometry  since  the  impacting  mass  is  propelled  against  a  stationary 
target.  These  simulation  procedures  provide  the  possibility  for  investi¬ 
gating  the  effects  of  water  drop  impacts  on  fabricated  components,  to  con¬ 
duct  tests  at  elevated  temperatures,  and  to  provide  test  bars  for  residual 
strength  measurements.  The  nylon  bead  collisions  can  be  used  to  gain 
understanding  of  water  drop  impacts  from  1000  to  above  2000  ms  ^ .  However 
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water  jet  Impacts  which  would  simulate  water  drop  collisions  for 
reasonable  drop  sizes  (on  the  order  of  1  mm)  require  extremely  small 
orifice  diameters  beyond  600  ms  \  so  from  a  pragmatic  viewpoint  the 
water  jet  may  not  be  appropriate  for  impact  velocities  above  600  ms  * . 

Hell-characterized  water  jets  were  found  to  produce  considerably 
less  correlation  with  the  deformation  and  fracture  damage  on  zinc  sulfide 
due  to  water  drop  collisions  than  nylon  bead  impingement.  There  is  rea¬ 
sonable  potential  for  establishing  equivalent  conditions  for  simulating 
the  primary  features  of  water  drop  Impact  damage  using  soft  polymeric 
beads . 


Magnesium  oxide  and  polymethylmethacrylate  were  also  impacted 
with  nylon  beads.  Polymethylmethacrylate  showed  distinctly  different 
deformation  and  fracture  patterns  than  the  water  drop  impacts  which  have 
been  studied  extensively  (Adler  and  James,  1979).  The  nylon  bead  impacts 
on  magnesium  oxide  were  significantly  less  damaging  than  water  drop  col¬ 
lisions  based  on  equivalent  kinetic  energy.  It  is  thus  seen  that  the 
correspondence  between  water  drop  and  nylon  bead  impacts  observed  for 
small-grained  zinc  sulfide  may  not  be  a  universal  relation  but  will  be 
true  for  particular  classes  of  materials  yet  to  be  Identified. 

The  water  drop  impact  damage  on  single  crystal  and  polycrystalline 
calcium  fluoride  was  also  investigated.  Some  general  observations  are 
made  with  regard  to  the  form  of  the  fractures  in  extruded,  hot-pressed, 
and  press-forged  calcium  fluoride. 
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2.0 


ANALYSIS  OF  WATER  DROP  IMPACTS  ON  ZINC  SULFIDE 


Spherical  water  drop  impact  damage  in  zinc  sulfide  has  been 
examined  in  considerable  depth  for  impact  velocities  from  200  to  over 
800  ms  \  The  excellent  quality  of  the  spherical  water  drop  impact  con¬ 
ditions  achieved  in  the  ETI  liquid  drop  impact  facility  (Adler  and  James, 
1979)  made  it  possible  to  quantify  the  extent  of  the  damage  and  to  refine 
the  prevailing  concepts  pertaining  to  the  mechanics  of  water  drop  impinge¬ 
ment  (Adler,  1979).  Chemically  vapor  deposited  (CVD)  zinc  sulfide  was 
selected  for  the  target  material,  since  its  grain  size  is  small  enough 
that  the  material  response  can  be  considered  to  be  that  of  a  homogeneous, 
isotropic  material.  The  impact  behavior  can  therefore  be  evaluated  in 
terms  of  an  axisymmetric  analysis.  In  addition  its  fracture  strength  and 
rigidity  are  such  that  negligible  to  very  intense  fractures  can  be  achieved 
over  the  range  of  water  drop  impact  conditions  available  in  the  impact 
facility.  The  general  properties  of  CVD  zinc  sulfide  are  summarized  in 
Table  2.1. 

The  general  features  of  water  drop  impact  damage  on  zinc  sulfide 
are  shown  in  Fig.  2.1  and  2.2.  The  cross  sectional  view  in  Fig.  2.2a 
shows  the  fracture  depths  increase  fairly  uniformly  outside  the  central 
undamaged  zone:  an  excellent  example  is  shown  on  the  left  hand  side  of 
Fig.  2.2a.  What  is  most  striking  in  the  cross  section  is  the  two  distinct 
forms  of  dominant  fractures.  The  fractures  in  the  inner  region  tend  to 
approach  the  surface  at  shallow  angles:  these  will  be  referred  to  as 
Type  I  fractures.  The  second  dominant  fracture  occurs  at  larger  radial 
distances  and  is  characterized  by  a  very  steep  angle  of  approach  with  the 
impact  face  and  reversed  curvature.  These  will  be  designated  Type  II 
fractures . 

The  surface  contour  through  the  center  of  the  impact  site  in 
Fig.  2.2b  shows  a  depressed  annulus  similar  to  that  found  on  the  surface 
of  polymethylmethacrylate  but  of  considerably  smaller  depth  (Adler  and 


3 


Table  2.1.  Properties  of  CVD  Zinc  Sulfide* 


Density 

** 

Grain  size 


4-Point  Bend  Strength 


Knoop  Hardness  (100  g  load) 
Young's  Modulus 
Poisson's  Ratio 


Calculated  Dilatational 
Wave  Velocity 

Calculated  Distort tonal 
Wave  Velocity 


4090  kg/m^ 

2  -  5  pm  in  growth  plane; 

9  to  30  ym  (columnar  grains) 
in  growth  direction 

100.8  MPa  (14.6  ksi) 

0.67  MPa  m1^2  (609  psi  /tn")++ 

2 

239  kg/mm  (growth  plane) 

74.1  GPa  (10.7  x  106  psi) 

0.30  (in  plane  of  plate) 

0.35  (in  growth  direction) 

4,960  ms  2 
2,600  ms  ^ 


* 

Taken  from  Wimmer  (1979)  . 

** 

Measured  for  material  used  in  this  investigation 

^Crack  propagation  parallel  to  colum.iar  grains 
++ 

It  should  be  noted  that  Evans  and  Wilshaw  (1976)  report 
1/2 

KjC  *  1  MPa  m  and  Shockey,  et  al.  (1977),  found 
KIC  -  0.75  MPa  m1/2 
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(b)  Etched  surface  showing  at_i”«l 
radius  of  central  undamaged 
zone.  Transmitted  light 
illumination.  " 


(c)  Circumferential  fractures 
viewed  in  reflected  light 
illumination. 


Figure  2.1.  General  appearance  of  water  drop  impact  damage 
on  CVD  zinc  sulfide. 


(a)  Circumferential  fractures  seen  in  reflected  light  illumination 
with  subsurface  fractures  on  thin  section  through  center  of 
impact.  Note  the  increasing  level  of  radial  outflow  damage 
with  distance  from  the  center  of  impact . 

(b)  Surface  profile  along  center  line  'of  impactr  daraage-i - 


Figure  2.2.  Impact  damage  on  zinc  sulfide  due  to  a  2.30  mm 
water  drop  impacting  at  540  ms"l. 


James,  1979).  The  radial  locations  for  the  dominant  fractures  as  well 
as  the  radius  for  the  onset  of  the  circumferential  fractures  forming  the 
periphery  of  the  central  undamaged  zone  are  clearly  seen  in  Fig.  2.2. 

These  characteristic  fractures  and  deformations  are  manifestations  of  the 
water  drop/target  interaction.  A  fairly  complete  description  of  the  se¬ 
quence  of  events  taking  place  during  the  collision  of  a  spherical  water 
drop  with  a  zinc  sulfide  target  can  now  be  constructed  using  prof 11- 
oraeter  traces  of  the  impact  surface,  cross  sectional  views  of  the  inter¬ 
nal  fracture  patterns,  and  analyses  of  the  drop  deformations  and  the  re¬ 
sponse  of  the  target  material.  The  general  analytical  relations  available 
for  understanding  the  water  drop/target  interaction  will  be  developed  in 
this  section.  The  quantitive  experimental  results  summarized  in  Section 

3.1  will  be  compared  with  these  analytical  relations. 

2.1  KINEMATICS 


The  sequence  of  events  which  take  place  during  the  water  drop 
impact  are  as  follows .  When  a  spherical  water  drop  of  radius  rQ  strikes 
a  rigid  surface  at  velocity  vq  ,  the  radius  of  the  contact  zone,  a,  in¬ 
creases  according  to  the  relation 


a(t) 


1/2 


2r  v  t 
o  o 


-  (v  t)‘ 
o 


2r  v  t 
o  o 


(2.1) 

(2.2) 


where  X is  the  time  elapsed  from  the  initial  contact. — The.  relation  in 
Eq. (2.1)  is  based  on  the  assumption  the  drop  remains  spherical  which  is 
valid  during  the  initial  stages  of  the  loading  process.  The  approxima¬ 
tion  in  Eq.(2.2)  "tfc  api>litablw  aw  *lemg  as  (a/rQ)  £  0.5  -(Adler,  1977). 


The  rate  of  expansion  of  the  contact  zone  is 


A(t) 


v  (r  -v  t) 
o  o  o 


a(t) 


(2.3) 
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The  initial  rates  of  radial  expansion  are  quite  high  but  decrease 
—1/2 

essentially  as  t  '  .  Assuming  the  surface  displacements  are  small 
for  a  hard,  elastic  target,  the  rigid  surface  relations  will  be  equally 
applicable  for  a  deformable  target  material.  Now  stress  waves  are  gener¬ 
ated  in  the  elastic  half-space  (target)  at  the  same  time  a  compression 
wave  propagates  into  the  water  drop.  As  the  contact  zone  velocity  de¬ 
creases,  a  dilatational,  or  compression,  wave  with  a  characteristic 
velocity  C0  will  separate  from  the  contact  zone  and  propagate  the  ef- 
feet s  of  the  impact  into  the  elastic  half-space.  This  will  be  followed 
by  the  separation  of  a  distortional,  or  shear,  wave  from  the  contact  zone 
with  a  characteristic  velocity  Ca  ,  and  a  Rayleigh  wave  subsequently 
propagates  along  the  surface  at  a  velocity  which  is  slightly  less 

than  C  .  These  wave  velocities  are  defined  by 
s 


c*2-(f  Ku^fe)  <2'4) 

c.2 -(|)(t<W)  (2-5> 

where  E  is  Young's  modulus,  V  the  Poisson's  ratio,  and  p  the  density 
of  the  medium. 

The  time  and  radial  distance  at  which  the  longitudinal  and  shear 
-waves  separate  from  the  contact  zone  can  be  found  by^ equating  the  velocity 
of  the  contact  zone,  A(t)  ,  in  turn  to  the  longitudinal  wave  speed  for 
zinc  sulfide,  Cg-4.96  nzn/ys  ,  and  to  the  shear  wave  speed,  C8»2.60  mm/ys. 
Introducing  the  first  condition, 

&  -  ,  (2.6) 
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into  Eq.(2.3)  In  conjunction  with  Eq.(2.1)  yields 


* , 
v  t  /r 
o 


and 


o  -  l-[l+<v0/ct>2] 
**/ro  •  <vo/CJ>[1+(vo/Cl>2] 


-1/2 

-1/2 


(2.7) 


(2.8) 


The  asterisks  denote  the  specific  values  of  the  contact  radius  and  tins 
which  satisfy  Eq.(2.6).  A  similar  result  is  found  for  the  shear  wave. 


The  transient  stresses  in  the  target  associated  with  these  stress 
waves  vary  both  with  respect  to  locations  within  the  target  and  time.  It 
is  difficult  to  conveniently  describe  the  temporal  and  spatial  evolution 
of  the  stress  states  in  the  elastic  target.  Knowledge  of  the  stresses 
which  develop  is  Important  in  understanding  the  onset  and  propagation  of 
fracture  in  the  target.  The  calculation  of  the  transient  stresses  in  the 
half-space  will  be  addressed  after  consideration  is  given  to  the  magnitude 
and  form  of  the  impact  pressures  generated  at  the  water  drop/ target 
Interface. 


2.2  IMPACT  PRESSURE 


The  pressure  distribution  applied  to  the  target's  surface  due  to 
the  impacting  water  drop  has  been  investigated  for  some  time.  However 
the  published  results  have  been  re-examined.  The  peak  pressure  distri¬ 
bution  as  a  function  of  the  radial  coordinate  is  generally  reported  in 
the  experimental  literature .Recent  experimental  determinations  indicate 
peak  pressures  of  2.5  p  C  v  (Rochester  and  Brunton,  1979)  where  o 

W  W  O  w 

is  the  density  and  is  the  compressions!  wave  speed  for  water.  On 

the  other  hand  the  temporal  and  spatial  pressure  distributions  determined 
from  finite  difference  computations  indicate  that  the  peak  pressures  are 
only  achieved  for  very  short  time  durations  and  over  a  quite  narrow  radial 
dimension  (Hwang,  1975;  Rosenblatt,  et  al.,  1977).  Rosenblatt  and  his 
associates  (1976,  1977)  provided  results  for  a  very  fine  computational 


mesh  during  the  initial  stages  of  the  collision  process.  This  computation 
revised  the  initial  form  of  the  evolving  pressure  distribution  (Rosenblatt, 
et  al.,  1976)  and  due  to  the  small  grid  dimensions  is  believed  to  be  the 
most  reliable  numerical  computation  available.  These  numerical  results 
compare  favorably  with  the  experimental  results  (Rochester  and  Brunt on, 
1979)  both  with  regard  to  the  magnitude  of  the  maximum  in  the  peak 
pressure  and  its  radial  location. 

The  following  observations  are  drawn  from  the  limited  numerical 
results  reported  by  Rosenblatt  and  his  co-workers:  primarily  for  a  1  mm 
water  drop  impact  at  335  ms  . 

During  the  initial  loading  period  the  pressure  distribu¬ 
tion  is  fairly  uniform  except  for  a  sharp  rise  in 
pressure  in  the  vicinity  of  the  boundary  of  the 
contact  zone. 

The  magnitude  of  the  uniform  portion  of  the  impact  pres¬ 
sure  approximates  the  water  hammer  pressure  (PWCWVQ) 
while  the  peak  pressure  reaches  a  maximum  value  of 
2.7  times  the  water  hammer  pressure. 

The  maximum  duration  of  the  pressure  spike  is  less  than 
5  ns. 

The  maximum  in  the  peak  pressure  distribution  occurs 

when  &  ■  C  . 

w 

The  early  time  pressure  distr ibutions  computed  by  Rosenblatt,  _ 

et  al.,  are  shown  in  Fig.  2.3  and  2.4.  A  curve  approximating  the  radial 
variation  in  the  peak  pressures  is  superposed  on  the  calculated  values. 

The  peak  pressures  are  seen  to  have  an  initial  value  equal  to  the  Hugoniot 
pressure,  p  *  PW^WVQ  where  Uw  is  the  shock  velocity  in  water,  but  the 
pressure  distribution  is  quite  uniform  and  has  an  average  value  close  to 
the  water  hammer  pressure. 
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Hwang's  numerical  results  (Hwang,  1975)  also  show  a  sharp  rise  in 
the  applied  pressure  in  the  vicinity  of  the  periphery  of  the  expanding 
contact  zone.  However  Hwang's  solution  indicates  the  magnitude  of  the 
average  and  peak  pressures  are  generally  below  the  water  hammer  pressure 
and  the  location  of  the  maximum  in  the  peak  pressure  occurs  at  a  consider¬ 
ably  larger  radial  distance  than  found  in  Rosenblatt's  finite  difference 
computations. 

These  observations  pertaining  to  the  numerical  computations  are 

advanced  to  support  our  hypothesis  that  the  effect  of  the  pressure  spike 

is  of  second  order  in  the  stress  calculations  for  an  elastic  half-space. 

The  impact  pressure  can  be  then  adequately  represented  by  a  spatially 

uniform  pressure  distribution  whose  magnitude  equals  the  water  hammer 

pressure.  It  will  be  assumed  that  the  specified  pressure  distribution 

will  prevail  at  least  until  the  radius  of  the  contact  zone  reaches  a 

value  determined  from  the  condition  that  a*C  .  Hits  condition  defines 

w 

the  radial  dimensions  for  which  pressure  release  occurs  which  would  also 
imply  lateral  outflow  jetting  is  initiated  (Adler,  1979) .  Although  only 
one  impact  condition  has  been  considered,  it  will  be  assumed  that  the 
observations  pertaining  to  the  impact  pressure  are  valid  for  an  extended 
range  of  impact  velocities. 

The  various  parameters  associated  with  the  conditions  described 
in  the  previous  discussions  are  summarized  in  Fig.  2.5  and  2.6  for  future 
reference.  Figure  2.5  Indicates  the  magnitude  of  the  Hugoniot  and  water 
hammer  pressures  as  a  function  of  Impact  velocity  for  a  zinc  sulfide  tar¬ 
get  material.  The  impact  pressures  for  a  rigid  surface  are  also  shown  for 
comparison.  The  plots  in  Fig.  2.6  show  the  location  of  the  boundary  of 
the  contact  zone  when  various  conditions  are  imposed:  separation  of  the 
compression  wave,  separation  of  the  shear  wave,  and  the  location  of  the 
maximum  in  the  peak  pressure  distribution.  The  times  at  which  these 
radial  distances  are  reached  are  also  given.  The  times  and  radial  dis¬ 
tances  are  computed  from  equations  of  the  general  form  Indicated  in 
Eq.(2.7)  and  (2.8).  The  condition  Is  also  included  in  Fig.  2.6, 
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Figure  2.5.  Hugoniot  and  water  hammer  pressures  as  a 
function  of  impact  velocity  for  a  rigid 
surface  and  zinc  sulfide. 
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Figure  2.6. 


maximum  in  the  peak  pressure  distribution?1*6 
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since  it  was  previously  shown  to  correlate  the  experimental  measurements 
of  the  central  undamaged  zone  for  water  drop  impacts  on  polymethylmeth¬ 
acrylate  (Adler  and  James,  1979) . 

2.3  TRANSIENT  STRESSES 

The  form  of  the  pressure  distribution  suggested  by  the  previous 
re-examination  of  the  available  data  is  completely  compatible  with  the 
form  of  the  pressure  loading  used  in  an  analytic  solution  developed  by 
Blowers  (1969)  to  evaluate  the  stresses  in  an  elastic  half-space.  The 
computational  scheme  used  to  evaluate  the  analytic  solution  offers  the 
advantages  of  being  economical  to  run  on  a  digital  computer  and  the 
stresses  are  not  dependent  on  the  computational  grid  dimensions.  The 
disadvantage  of  the  analytic  approach  originally  formulated  by  Blowers 
is  that  it  is  only  applicable  up  to  the  time  at  which  lateral  outflow 
initiates  when  the  magnitude  of  the  pressure  is  usually  assumed  to  de¬ 
crease  precipitously.  However,  according  to  the  results  in  Fig.  2.4  the 
above  restriction  may  be  relaxed  somewhat.  A  new  solution  for  evaluating 
the  stresses  in  an  elastic  body  due  to  an  arbitrary  pressure  distribution 
has  been  derived  by  Adler,  Botke,  and  James  (1979). 

The  principal  tensile  stresses  were  determined  using  Blowers' 
solution  for  the  same  impact  conditions  considered  by  Rosenblatt  and  co¬ 
workers  for  a  2  mm  water  drop  impacting  a  zinc  sulfide  target  at  222  ms  1 
(Rosenblatt,  et  al.,  1977).  The  comparison  between  the  results  from  the 
analytical  soluticmandthelimited  results  published  for  the  finite  dif¬ 
ference  computations  was  excellent.  It  is  therefore  concluded  that 
Blowers'  analytical  solution  adequately  describes  the  transient  stress 
states  in  the  target  material  during  the  pressure  build-up  stage  of  the 
surface  loading.  The  similarity  in  the  computed  values  for  the  analyti¬ 
cal  and  numerical  schemes  also  lends  support  to  our  conjecture  that  the 
pressure  spike  at  the  periphery  of  the  expanding  contact  zone  may  be  of 
secondary  importance  with  regard  to  the  transient  stresses  in  the  target. 
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The  condition  a=C  determines  the  maximum  radial  extent  of  the 
w 

contact  zone  and  the  time  after  initial  contact  for  which  Blowers'  solu¬ 
tion  would  be  applicable  in  accordance  with  the  discussion  in  Section  2.2. 
It  is  seen  from  Fig.  2.6  that  the  time  over  which  Blowers'  solution  is 
applicable  is  44  ns  for  an  impact  velocity  of  200  ms  ^  and  120  ns  when 
the  impact  velocity  is  600  ms  ^ .  The  calculated  radial  stress  components 
5  ym  below  the  surface  of  the  zinc  sulfide  target  generated  by  a  2  mm 
water  drop  impacting  at  200  and  600  ms  1  are  shown  in  Fig.  2.7  and  2.8. 

At  44  ns  (impact  at  200  ms  the  shear  wave  front  would  have  reached  a 
radial  distance  of  0.155  mm.  This  corresponds  to  the  first  peak  in  the 
radial  stress  distribution  at  45  ns  in  Fig.  2.7.  The  shear  wave  at  120  ns 
for  the  600  ms  impact  would  have  reached  a  radial  distance  of  0.427  mm 
consistent  with  the  stress  distributions  in  Fig.  2.8.  The  radial  locations 
at  which  the  shear  wave  separates  from  the  contact  zone  are  indicated  in 
Fig.  2.7  and  2.8. 

From  the  temporal  evolution  of  the  radial  stress  components  it  is 
seen  that  tensile  stresses  develop  before  the  shear  wave  separates  from 
the  contact  zone.  After  shear  wave  separation  a  second  peak  develops  in 
the  radial  stress  distribution  corresponding  to  the  propagation  of  the 
shear  wave:  its  initiation  can  be  seen  in  Fig.  2.8  for  t“45ns  .  The 
forward  peak,  whose  location  corresponds  to  the  shear  wave  front,  rapidly 
becomes  dominant.  However  for  longer  times  the  magnitude  of  the  initial 
peak  is  the  location  of  the  maximum  tensile  stress.  The  location  of  this 
peak  corresponds  to  the  radial  location  of  the  Rayleigh  wave  which  would 
be  formed  just  after  the  shear  wave.  The  character  of  the  fractures  shown 
in  Fig.  2.2a  may  therefore  be  related  to  the  calculated  ehanges  in  the 
form  of  the  stress  wave  structure  and  the  associated  transient  stress 
and  displacement  fields  in  the  target. 

The  initial  development  of  significant  radial  tensile  stresses  in 
the  vicinity  of  the  surface  of  the  specimen  is  responsible  for  the  onset 
of  the  circumferential  fractures  which  delineate  the  boundary  of  the 
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Figure  2.7.  Temporal  development  of  the  normalized  radial  stress  component 
for  a  2  mm  water  drop  impacting  a  zinc  sulfide  target  at  200  m 


central  undamaged  zone.  It  Is  our  conjecture  that  the  Type  I  fractures 
Identified  in  Fig.  2.2a  are  due  to  the  stress  states  associated  primarily 
with  the  development  of  the  shear  wave  both  prior  to  and  after  its  separa¬ 
tion  from  the  contact  zone.  The  monotonic  increase  in  the  fracture  depth 
corresponds  to  the  increase  in  the  magnitude  of  the  tensile  stress  with 
radial  distance.  The  subsequent  formation  of  the  Rayleigh  wave  is  re¬ 
sponsible  for  the  Type  II  fractures.  As  is  well  known  the  influence  of 
the  Rayleigh  wave  decreases  exponentially  with  depth,  so  the  fracture 
trajectory  of  the  Type  II  fractures  tends  to  conform  to  the  shape  of  the 
Type  I  fractures  with  increasing  depth  where  the  stresses  associated  with 
shear  wave  may  replace  the  Rayleigh  stresses.  At  larger  radial  distances 
the  Rayleigh  stress  are  dominant.  Shallow  fractures  normal  to  the  sur¬ 
face  are  formed.  The  generation  of  intermediate  to  far  field  fractures 
by  Rayleigh  waves  is  consistent  with  the  experimental  observations  of 
Bowden  and  Field  (1964)  for  glass.  The  sorting  out  of  the  stresses  re¬ 
sponsible  for  the  near-field  fractures  is  a  new  interpretation  of  the 
transient  stress  conditions. 

The  above  comparisons  indicate  how  Blowers'  solution  can  be  used 
to  considerable  advantage  in  acquiring  an  understanding  of  the  transient 
stresses  which  develop  xn  the  target  material  economically,  since  it  of¬ 
fers  fine  resolution  for  the  stresses  generated  prior  to  fracture  initia¬ 
tion.  Insights  into  the  potential  fracture  response  can  be  acquired, 
even  though  once  fracture  initiation  takes  place  finite  difference  com¬ 
putations  may  be  required.  The  finite  difference  computational  procedures 
provide  a  viable  approach  if  the  computational  grid  can  accommodate  the 
finer  details  of  the  subsurface  fracture  trajectories  shown  in  Fig.  2.2a. 


3.0  EXPERIMENTAL  OBSERVATIONS 


The  characteristic  features  of  water  drop  impact  damage  in  an 
essentially  elastic,  homogeneous,  and  isotropic  material  (zinc  sulfide) 
were  described  in  Section  2.  Several  conjectures  were  made  with  regard 
to  the  damage  process  and  the  probable  causes  for  the  observed  fracture 
patterns.  Quantitative  measurements  of  the  reasonably  identifiable  fea¬ 
tures  of  the  water  drop  impact  damage  in  zinc  sulfide  have  been  made  and 
will  be  summarized  in  Section  3.1.  These  measurements  are  over  an  ex¬ 
tended  velocity  range  and  several  features  not  considered  in  Section  2 
are  observed  when  the  impact  velocity  exceeds  500  ms  A  tendency  for 
radial  fracturing,  the  development  of  fractures  below  the  impact  site 
parallel  to  the  target's  surface,  and  the  initiation  of  material  ejection 
are  evident  at  the  higher  impact  velocities. 

The  quality  of  the  spherical  water  drop  impact  experiments  and  the 
range  of  impact  conditions  presently  available  in  the  ETI  liquid  drop  im¬ 
pact  facility  provide  an  excellent  data  base  for  comparing  simulations 
of  actual  water  drop  impacts.  Experiments  using  well-characterized  water 
jets  and  nylon  bead  collisions  were  undertaken  for  this  purpose.  A 
series  of  water  jet  impacted  specimens  representing  nominal  2  mm  water 
drop  impacts  from  300  to  600  ms  ^  were  received  from  the  Cavendish  Labora¬ 
tory.  The  form  of  the  damage  for  equivalent  impact  conditions  is  com¬ 
pared  with  spherical  water  drop  collisions  and  some  significant  differ¬ 
ences  in  the  qualitative  and  quantitative  features  of  the  impact  damage 
are  found  to  exist.  These  findings  are  summarized  in  Section  3.2.  The 
nature  of  the  damage  produced  by  nylon  bead  impacts  on  zinc  sulfide  is 
investigated  in  Section  3.3.  The  general  character  of  the  damage  is 
found  to  be  quite  similar  to  a  water  drop  collision,  but  the  selection 
of  equivalent  impact  conditions  is  not  straightforward.  However  the 
potential  for  producing  similar  impact  damage  is  shown  to  be  quite  high. 
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The  water  drop  Impact  damage  In  polycrystallinr.  calcium  fluoride 
is  examined  in  Section  3.4.  The  polycrystalline  fracture  behavior  is 
related  to  our  prior  observations  of  single  crystal  response  (Adler  and 
James,  1979). 

3.1  WATER  DROP  IMPACTS  ON  ZINC  SULFIDE 

A  discussion  of  the  grain  structure  in  CVD  zinc  sulfide  can  be 
found  in  Adler,  Botke,  and  James  (1979).  The  columnar  grain  dimensions 
for  the  material  used  throughout  this  investigation  of  zinc  sulfide  are 
given  in  Table  2.1  along  with  other  relevant  properties  for  this  material 
Specimens  were  prepared  so  that  the  impact  face  was  perpendicular  to  the 
growth  direction.  Measurements  will  be  provided  for  the  parameters  iden¬ 
tified  in  Section  2  to  quantify  the  impact  damage.  These  include  the 
radial  distance  corresponding  to  the  onset  of  the  circumferential  frac¬ 
tures  which  delineate  the  extent  of  the  central  undamaged  zone,  the 
radial  location  of  the  depressed  annulus  assumed  to  correspond  to  the 
maximum  in  the  peak  pressure  and  the  initiation  of  lateral  outflow,  and 
the  radial  locations  and  depths  of  the  dominant  Type  I  and  Type  II  frac¬ 
tures  due  to  spherical  water  drop  collisions  on  CVD  zinc  sulfide. 

Measurements  of  the  radius  of  the  central  undamaged  zone  were 
taken  from  transmitted  light  micrographs  of  the  impact  face  of  the  speci¬ 
mens  at  a  magnification  of  100X.  There  was  a  notable  difference  between 
the  radii  for  etched  and  unetched  surfaces  as  shown  by  the  comparison  pre 
sented  in  Fig.  2.1a  and  b.  The  readings  reported  are  for  surfaces  etched 
with  hydrochloric  acid.  There  is  some  uncertainty  in  defining  the  bound¬ 
ary  of  the  central  undamaged  zone  due  to  the  variation  in  identifying  the 
shallow  fractures  comprising  the  transition  region  surrounding  the  cen¬ 
tral  zone  on  the  micrographs.  The  observed  variance  is  recorded  in 
Table  3.1. 
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The  general  form  of  the  relations  In  Eq.(2.8)  for  the  location  of 
the  contact  radius  (when  various  conditions  are  Imposed  on  the  rate  of 
expansion)  exhibits  a  linear  variation  with  the  drop  diameter.  The  plots 
of  the  data  will  therefore  be  normalized  with  respect  to  the  drop  diameter. 

The  water  drops  generated  in  the  liquid  drop  Impact  facility  fall 
from  a  hypodermic  needle  into  the  path  of  the  sabot  mounted  specimen. 

The  falling  drop  is  photographed  for  each  test  Just  prior  to  Impact. 

Minor  variations  in  drop  size  are  evident  using  this  system.  The  level 
of  uncertainty  in  the  drop  radius  In  the  current  photographic  system, 
the  drop  magnification,  and  general  graininess  of  the  high  speed  Polaroid 
film  used  for  these  records  is  taken  into  account  in  the  tabulations  in 
Table  3.1.  The  drop  radius  is  a  critical  parameter  in  any  data  reduction 
procedure  and  fairly  accurate  determinations  should  be  available.  In 
view  of  its  significance  and  that  of  the  drop  impact  velocity,  the  photo¬ 
graphic  procedures  used  for  these  measurements  are  currently  being  im¬ 
proved  in  the  ETI  liquid  drop  impact  facility.  The  maximum  variation  in 
the  drop  diameter  is  therefore  also  indicated  in  Table  3.1.  The  normal¬ 
ized  radius  of  the  contact  zone,  a  /r  ,  is  given  as  a  range  of  values 

co 

which  accounts  for  the  experimental  error  introduced  into  the  measurements 
of  the  actual  drop  radius  and  the  radius  of  the  central  undamaged  zone. 

The  next  significant  parameter  which  can  be  measured  is  the  radius 
of  the  center  of  the  depressed  annulus.  This  measurement,  the  diameter 
2c,  is  taken  from  profilometer  traces  through  the  center  of  the  impact 
site.  As  seen  in  Fig.  2.2  there  is  some  degree  of  arbitrariness  in 
selecting  the  base  of  the  depressed  annulus;  this  is  reflected  by  a 
range  of  values  in  Table  3.1. 

On  the  basis  of  the  analysis  presented  in  Section  2,  the  normalized 

radii  of  the  central  undamaged  zone,  *c/r0  *  and  the  radial  location  of 

the  maximum  depth  of  the  depressed  annulus,  c/r  ,  are  associated  with 

o 

the  separation  of  the  shear  wave  from  the  contact  zone  and  the  maximum 
in  the  peak  pressure,  respectively.  These  measurements  are  plotted  in 
Fig.  3.1  and  compared  with  the  predictions  made  in  Section  2.  The 
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Figure  3.1.  Measured  values  for  the  onset  of  circumferential 
fractures,  ac/r0  ,  corresponding  to  separation 
of  the  shear  wave  from  the  contact  zone  and  the 
maximum  in  the  peak  pressure,  c/r0  ,  corresponding 
to  the  condition  A*^  . 


experimental  data  shows  a  favorable  correspondence  with  the  analytical 
relations.  The  relation  a*Uw  is  also  plotted  in  Fig.  3.1,  since  this 
was  proposed  previously  as  the  criterion  for  lateral  outflow  jetting  in 
polymethylmethacrylate  (Adler  and  James,  1979).  In  view  of  the  correla¬ 
tion  established  for  zinc  sulfide  this  result  is  subject  to  revision. 

A  number  of  specimens  were  sectioned  in  order  to  observe  the 
subsurface  fracture  patterns.  Since  only  one  thin  section  can  be  ob¬ 
tained  from  each  specimen,  a  subjective  determination  had  to  be  made  re¬ 
garding  the  diameter  selected.  The  major  criterion  used  was  that  the  in¬ 
fluence  of  the  larger  surface  polishing  scratches  be  minimized.  A  satis¬ 
factory  polishing  procedure  for  these  specimens  was  developed  during  the 
course  of  the  past  year's  effort,  since  the  quality  of  the  surface  has  to 
be  quite  high  in  order  to  minimize  scratch  interactions  with  the  stresses 
imposed  by  the  water  drop  collision.  The  majority  of  the  specimens  were 
polished  by  a  commercial  polisher,  but  for  the  most  part  these  proved  to 
be  marginally  acceptable.  The  fractures  due  to  the  larger  surface 
scratches  are  quite  deep  and  of  greater  circumferential  extent  compared 
to  the  fractures  originating  at  small  surface  flaws.  They  are  readily 
identified.  The  sections  were  therefore  selected  which  passed  through 
regions  essentially  devoid  of  the  larger  surface  scratches. 

As  indicated  in  Section  2,  two  forms  of  fracture  trajectories  were 
observed  on  the  thin  sections.  They  are  referred  to  as  Type  I  and  Type  II 
fractures  as  shown  in  Fig.  2.2a.  The  radial  distance  from  the  impact 
center  and  the  depth  measured  normal  to  the  surface  of  the  specimen  are 
two  parameters  selected  to  characterize  these  fractures.  The  location 
of  these  fractures  is  determined  in  part  by  the  distribution  of  surface 
flaws,  but  once  the  obvious  larger  surface  scratches  were  eliminated  the 
annulus  in  which  these  flaws  originated  was  found  to  be  of  narrow  radial 
extent.  The  depth  of  the  fractures  was  quite  consistent  as  could  be  ob¬ 
served  with  an  optical  microscope  by  focusing  through  the  impact  damage. 


Two  radial  locations  and  fracture  depths  were  measured  for  each 
fracture  type  due  to  the  symmetry  of  the  impact  as  seen  on  the  thin  sec¬ 
tions.  In  some  cases  fracture  doublets  were  found:  two  closely  spaced 
fractures  of  the  same  type  without  a  clear  distinction  as  to  which  one 
could  be  considered  the  dominant  fracture.  The  average  values  of  the 
fracture  locations  and  depths,  including  fracture  doublets  are  listed 
in  Table  3.1. 

The  average  fracture  dimensions  are  plotted  as  a  function  of  the 
Impact  velocity  in  Fig.  3.2  to  3.4  without  any  provision  for  the  varia¬ 
tion  in  drop  diameter  since  this  would  require  the  introduction  of  an 
assumption  as  to  how  these  fracture  parameters  vary  with  drop  diameter 
which  is  not  known  at  present.  The  form  of  the  data  is  most  interesting 
and  for  the  most  part  reliable.  A  uniform  variation  in  the  radial  loca¬ 
tion  of  the  Type  I  and  Type  II  fractures  is  seen  up  to  slightly  beyond 
500  ms  .  A  transition  is  noted  in  the  location  of  the  Type  II  fractures 
in  the  vicinity  of  550  ms  Slightly  above  this  Impact  velocity  random 
radial  fractures  are  beginning  to  appear  possibly  indicating  a  change  in 
the  damage  mode. 

Overviews  of  these  radial  fractures  are  shown  for  shot  no.  1231 
and  1250  in  Fig.  3.5.  A  detail  of  the  longer  radial  fractures  seen  on 
shot  no.  1250  and  the  form  of  the  radial  fractures  in  the  interior  of 
the  target  for  shot  no,  1255  are  shown  in  Fig.  3.6.  It  is  observed  that 
the  radial  fractures  originate  on  a  fairly  random  basis  at  sites  branch¬ 
ing  from  the  circumferential  fractures.  Specification  of  the  mechanism 
for  initiation  and  propagation  of  the  radial  fractures  requires  further 
study. 

The  series  of  mean  surface  profiles  in  Fig.  3.7  shows  the  variation 
in  the  general  form  of  the  surface  profiles  as  well  as  the  tendency  for 
ejection  of  the  central  portion  of  the  damaged  material  due  to  the  inten¬ 
sity  of  the  elastic  recovery  which  would  be  experienced  at  the  higher  im¬ 
pact  velocities.  The  profiles  for  the  Impacts  at  775  and  825  ms  * 
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Figure  3.2,  Radial  distance  to  dominant  Type  I  and  Type  II 
fractures  as  a  function  of  impact  velocity  for 
water  drop  impacts  on  zinc  sulfide. 
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Figure  3.3.  Penetration  depth  for  Type  I  fractures 
as  a  function  of  impact  velocity  for 
water  drop  impacts  on  zinc  sulfide. 
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Figure  3.5.  Overview  of  radial  fractures  seen  on  zinc  sulfide 
specimens  at  impact  velocities  beyond  550  ms~*. 
Transmitted  light  illumination. 


(b)  Radial  fractures  seen  in  cross  section  for  Shot  no.  1255. 
Note  also  detail  of  the  horizontal  fracture  below  the 
impact  site.  The  deep  fractures  running  nearly  parallel 
to  the  surface  of  the  specimen  are  believed  to  be  anomalous 

Figure  3.6.  Detail  of  radial  fractures. 


Figure  3.7.  Surface  profiles  for  water  drop  Impacts  on  zinc  sulfide 
for  a  range  of  Impact  velocities. 

(a)  Shot  no.  1245:  498  ms"j;  (b)  Shot  no.  1235:  540  ms-* 
(c)  Shot  no.  1249:  582  ms”1;  (d)  Shot  no.  1231:  650  ms“l 
(e)  Shot  no.  1255:  710  ms-*. 


(shot  no.  1250  and  1254  In  Table  3.1)  appear  as  relatively  featureless 
mounds  of  material  elevated  beyond  the  original  plane  of  the  impact  face. 
The  larger  vertical  displacements  of  the  central  damage  annulus  are  accom¬ 
panied  by  a  single  or  bifurcated  horizontal  fracture  plane  below  the  im¬ 
pact  site.  The  horizontal  fracture  first  appears  in  shot  no.  1249  at  an 
impact  velocity  of  582  ms  Cross  sections  of  the  higher  velocity  im¬ 
pacts  are  shown  in  Fig.  3.8.  The  origin  of  the  deep  horizontal  fractures 
on  the  right  hand  side  of  Fig.  3.8a  is  not  known;  the  specimens  were  thick 
enough  to  eliminate  the  influence  of  significant  stress  wave  reflections 
from  the  back  face  of  the  specimen  which  may  interact  with  the  water  drop 
Impact  damage.  The  extended  fracture  on  the  left  hand  side  of  Fig.  3.8c 
is  due  to  the  preparation  of  the  thin  section.  The  horizontal  fractures 
are  presumed  to  be  due  to  the  elastic  recovery  of  the  central  depressed 
zone  which  would  become  more  intense  at  the  higher  impact  velocities. 
Finally  the  SEM  micrograph  in  Fig.  3.9  shows  an  uplifting  of  fractured 
material  around  about  one-third  of  the  Impact  site  (the  lighter  band  just 
outside  the  central  undamaged  zone) .  Further  increases  in  impact  velocity 
should  result  in  the  onset  of  cratering  as  the  central  portion  of  the 
impact  damage  is  ejected  from  the  specimen's  surface. 

The  transition  in  the  mode  of  damage  beyond  500  ms  "  described 
above  does  not  appear  to  have  a  disruptive  influence  on  the  fracture 
depths  as  seen  from  Fig.  3.3  and  3.4.  The  fracture  depths  increase  uni¬ 
formly  as  vj1  .  For  Type  I  3.0<n<3.4  fits  the  data  quite  well  over  the 
complete  velocity  range,  whereas  n-1  fits  the  fracture  depth  data  for  the 
Type  11  fractures  except  for  the  velocities  in  excess  of  700  ms  At 
the  higher  impact  velocities  there  is  a  tendency  for  the  Type  I  fracture 
depths  to  become  predominant  as  Been  in  the  cross  sections  in  Fig.  3.8. 

The  magnitude  of  the  rapid  increase  in  the  radial  location  of  the  dominant 
Type  II  fractures  at  550  ms  and  above  in  Fig.  3.2  requires  further 
investigation. 
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(c)  Shot  no.  1254 


Figure  3.8.  Cross  sections  of  higher  velocity  water  drop 
impacts  on  zinc  sulfide.  Note  presence  of 
horizontal  fracture  below  impact  site  for  the 
more  severe  impact  conditions. 


(b)  Optical  micrograph  showing  same  region  as  dark  shadow. 

Figure  3.9.  Potential  ejection  of  material  from  the  surface  for 
water  drop  impacts  above  700  ms-1  as  illustrated  by 
shot  no.  1250  at  775  ms“l. 


3.2  WATER  JET  IMPACTS  ON  ZINC  SULFIDE 

The  water  jet  was  developed  at  the  University  of  Cambridge  in  the 
late  fifties  as  a  useful  laboratory  device  for  evaluating  the  effects  of 
water  impacts  on  materials.  The  correspondence  between  the  loading  la- 
parted  to  a  surface  by  a  water  jet  and  by  a  spherical  drop  was  considered 
in  the  initial  paper  on  this  subject  (Bowden  and  Brunton,  1961);  the  cor¬ 
respondence  has  been  strengthened  within  the  last  few  years  (Field,  et  al., 
1976;  1979).  Empirical  correlations  are  developed  based  on  the  size  of 
the  central  undamaged  zone  produced  primarily  in  polymethylmethacrylate 
specimens  by  water  jets  using  various  nozzle  diameters  and  water  drop 
impacts  with  varying  diameters  for  velocities  ranging  from  200  to  400  ms 
These  correlations  are  used  to  establish  the  equivalence  relations  between 
the  water  jet  parameters  and  spherical  drop  collisions.  Field  and  co¬ 
workers  conclude  that  water  jets  with  a  standoff  distance  of  10  am  and 
nozzle  diameters  from  0.4  to  2.4  mm  can  simulate  the  effects  of  water 
drops  ranging  in  size  from  2  to  more  than  35  mm  over  a  velocity  range 
from  100  to  600  ms  \  The  effects  of  a  2  mm  water  drop  collision  can  be 
simulated  over  a  velocity  range  from  300  to  600  ms 

It  is  hypothesized  that  the  initial  water  hammer  pressure  for  both 
cases  controls  the  amount  of  damage.  Thus  damage  extension  during  the 
period  of  lateral  outflow  is  taken  to  be  relatively  small  and  not  signifi¬ 
cantly  different  for  a  water  drop  and  water  jet  over  a  velocity  range 
from  100  to  600  ms 

Kinslow  (1974)  also  used  a  water  jet  as  a  simulation  of  water  drop 
impacts  at  velocities  ranging  from  600  to  1500  ms  This  work  was  di¬ 
rected  toward  quantifying  liquid  impact  damage  on  slip  cast  fused  silica 
radomes  in  the  supersonic  impact  regime.  The  craters  produced  by  water 
drop  impacts  on  radomes  fired  down  a  test  track  using  a  rocket  sled  and 
the  craters  produced  by  the  water  jet  device  in  the  laboratory  provide 
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the  basis  for  establishing  equivalence  relations.  Again,  the  basis  for 
comparison  Is  in  terms  of  the  macroscopic  features  of  the  craters  formed 
by  both  test  conditions.  It  should  be  noted  that  the  test  conditions 
represented  by  the  rocket  sled  are  quite  variable  with  respect  to  the 
drop  velocity,  diameter,  and  shape.  The  comparison  with  specific  craters 
is  therefore  quite  crude,  since  the  conditions  under  which  they  were 
formed  are  not  known.  Kinslow  (1974)  further  argued  that  a  spherical 
drop  passing  through  the  shock  wave  ahead  of  a  radome  traveling  at  super¬ 
sonic  speeds  is  in  essence  a  short  jet  due  to  the  distortion  of  the  drop 
during  its  transit  through  the  shock  layer.  Thus  a  water  jet  may  be  a 
better  representation  for  this  flight  condition.  A  sizable  analytical 
effort  relating  to  the  impact  conditions  and  materials  investigation 
were  also  undertaken  in  conjunction  with  this  experimental  capability. 

While  the  use  of  water  jets  has  many  advantages  from  a  pragmatic 
point  of  view,  additional  work  is  required  before  a  convincing  comparison 
with  water  drop  impact  damage  can  be  established.  The  single  impact  may 
show  damage  of  a  similar  nature  on  a  gross  scale.  This  does  not  provide 
any  indication  of  the  similarities  or  differences  in  the  type  of  subsur¬ 
face  damage  which  may  develop  which  is  very  important  to  the  progression 
of  damage  and  eventual  erosion  in  a  multiple  impact  environment.  The 
subtle  aspects  of  the  initial  damage  are  certainly  significant  in  the 
case  of  low-strength  polycrystalline  ceramics,  whereby  the  useful  optical 
quality  can  be  degraded  to  unacceptable  levels  during  exposure  to  a  rela¬ 
tively  small  number  of  impacts  in  the  vicinity  of  the  initial  collision 
(Adler  and  Hooker,  1976;  Hackworth  and  Kocher,  1977).  Furthermore,  the 
water  jet/water  drop  analogy  deemphaslzes  the  importance  of  lateral  out¬ 
flow  and  concentrates  on  direct  pressure  effects.  The  influence  of 
lateral  outflow  effects  due  to  a  water  jet  and  a  drop  for  subsequent  im¬ 
pacts  has  not  been  evaluated,  however  the  possibility  again  exists  for 
significant  differences  in  the  sequence  to  occur.  The  unique  response 
characteristics  of  each  material,  or  class  of  materials,  may  have  to  be 
considered  on  an  Individual  basis. 
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A  comparison  between  all  aspects— qualitative  and  quantitative, 
macroscopic  and  microscopic — of  the  fracture  response  of  CVD  zinc  sulfide 
has  been  undertaken  for  water  jet  impacts  determined  to  be  equivalent  to 
spherical  water  drop  collisions  in  accordance  with  the  correspondence 
established  at  the  University  of  Cambridge  (Field,  et  al.,  1976).  It  is 
often  assumed  for  various  materials  that  this  is  the  case  in  the  rain 
erosion  literature,  however  no  definitive  comparisons  in  support  of  this 
contention  have  ever  been  made.  The  controlled  and  well-documented  water 
drop  impacts  obtainable  in  the  liquid  drop  impact  facility  at  ETI  and  the 
careful  characterization  of  the  water  jets  produced  at  the  Cavendish 
Laboratory  afforded  the  opportunity  to  investigate  the  fracture  damage 
for  each  of  these  conditions .  An  investigation  of  this  issue  was  made 
possible  with  the  cooperation  of  Dr.  John  E.  Field  at  the  Cavendish 
Laboratory  (Cambridge,  England). 

Specimens  were  prepared  from  the  same  lot  of  CVD  zinc  sulfide  and 
polished  by  a  commercial  polisher.  The  material  is  the  same  as  that  used 
in  the  impact  experiments  described  in  Section  3.1.  Duplicate  water  jet 
impacts  were  requested  for  nominal  2  mm  equivalent  water  drops  at  300, 

400,  500,  and  600  ms  The  plots  of  the  correlations  (Field,  et  al., 
1976)  indicate  the  equivalent  drop  diameter  is  2.2  mm  at  300  ms  \  1.8  mm 
at  400  ms-1,  1.7  mm  at  500  ms  ,  and  2.3  mm  at  600  ms  \  It  is  our  under¬ 
standing  that  the  jet  head  dimensions  and  velocities  are  not  measured  for 
each  impact  but  are  determined  from  prior  calibration  of  the  water  jet 
impact  device.  The  magnitude  of  the  variation  possible  in  the  formation 
of  the  jet  and  its  impact  velocity  is  not  stated. 

The  same  damage  characterization  procedures  carried  out  for  the 
water  drop  impacts  were  also  carried  out  for  the  water  jet  Impacts  on 
zinc  sulfide.  Overviews  of  the  impact  damage  for  the  specimens  impacted 
at  300  and  600  ms  ^  are  shown  in  Fig.  3.10  and  3.11  along  with  comparable 
water  drop  impacts.  The  radial  extent  and  concentration  of  the  circum¬ 
ferential  fractures  seen  in  reflected  illumination  are  noticeably  greater 
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(a)  Water  jet  impact  in  transmitted  and  reflected  illumination. 


(b)  Spherical  water  drop  impact  in  transmitted  and  reflected 
illumination. 


Figure  3.10.  Comparison  of  water  jet  impacted  specimen  of  zinc 
sulfide  (equivalent  2  ram  water  drop  impact  at 
300  ms"l)  with  shot  no.  1197  at  an  impact  velocity 
of  317  Tns”l. 
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(a)  Water  jet  impacts  in  transmitted  and  reflected  illumination. 


Figure  3.11.  Comparison  of  water  jet  impacted  zinc  sulfide 

specimens  (equivalent  2  mm  water  drop  impact  at 
600  ms"l)  with  shot  no.  1249  at  an  impact  velocity 
of  582  ms“l.  Note  the  difference  in  the  extent  and 
concentration  of  the  damage.  The  micrographs  for 
all  three  impacts  are  reproduced  at  the  same  magni- 
cation  for  direct  comparison. 
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(b)  Spherical  water  drop  impact  in  transmitted  and 
reflected  illumination. 

Figure  3.11.  (continued) 


for  the  water  drop  collisions.  Another  general  observation  is  that  there 
is  a  significant  difference  in  the  extent  of  the  subsurface  fractures 
when  viewed  in  transmitted  illumination.  Furthermore,  radial  fractures 
are  seen  for  water  drop  impacts  at  velocities  below  600  ms”\  however 
the  water  jet  impacts  at  600  ms  ^  do  not  exhibit  any  evidence  for  the 
onset  of  radial  fractures. 

Surface  polishing  scratches  were  present  on  the  impact  face  of 
the  specimens  which  interacted  with  the  impact  damage,  but  their  distri¬ 
bution  was  limited  so  that  they  did  not  exert  a  strong  influence  on  the 
general  fracture  pattern.  Only  regions  away  from  zones  of  significant 
scratch  interactions  were  considered  in  this  investigation. 

Measurements  of  the  central  undamaged  zone  were  made  for  the  water 
jet  impacts  after  etching  the  impact  face  with  HC1.  These  measurements 
are  tabulated  in  Table  3.2.  These  measurements  indicate  that  the  central 
undamaged  zone  is  nearly  twice  the  diameters  found  for  spherical  drop  im¬ 
pacts  and  the  variation  in  these  diameters  with  impact  velocity  is  con¬ 
siderably  less  than  for  water  drop  collisions.  The  surface  profiles  in 
Fig.  3.12  do  not  display  the  prominent  depressed  annulus  found  for  water 
drop  collisions  and  tend  to  produce  much  larger  crack  height  differences 
for  the  circumferential  fractures  surrounding  the  central  undamaged  zone. 

After  the  above  measurements  were  taken  the  specimens  were 
sectioned.  A  side-by-side  comparison  of  the  subsurface  fracture  patterns 
for  water  drop  and  equivalent  water  drop  (water  jet)  impacted  CVD  zinc 
sulfide  is  shown  in  Fig.  3.13.  The  differences  between  the  two  forms  of 
liquid  impact  become  more  drastic  as  the  impact  velocity  increases. 

Type  I  fractures  are  generally  dominant,  and  only  a  moderate  semblance  of 
Type  II  fractures  is  present  on  most  impacts. 
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Table  3.2.  Experimental  Measurements  of  Water  Jet 

Impact  Damage  Parameters  for  Zinc  Sulfide. 


Figure  3.12.  Surface  profiles  for  water  jet  impacted  specimens  of  zinc  sulfide. 

(a)  Equivalent  2  mm  water  drop  impact  at  400  ms“l; 

(b)  Equivalent  2  mm  water  drop  impact  at  600  ms"l 
corresponding  to  the  two  impacts  shown  in  Fig.  3.11(a). 


(b)  Water  drop  shot  no.  1204  at  317  ms 


Figure  3.13.  Comparison  of  subsurface  fractures  due  to  water 

jet  impacts  with  spherical  water  drop  impacts  for 
comparable  impact  conditions 
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Measurements  of  the  fracture  depths  and  the  radial  locations  of  the 
dominant  Type  I  and  Type  II  fractures  are  listed  in  Table  3.2,  however 
the  accuracy  with  which  these  identifications  cSan  be  made  is  not  too 
high  for  the  Type  II  fractures.  When  the  water  jet  measurements  are 
compared  with  those  for  spherical  drops,  favorable  agreement  is  only 
achieved  for  the  300  ms  ^  impact.  The  data  for  the  higher  velocities 
does  not  compare  in  magnitude  or  follow  the  trend  in  the  data  for  spheri¬ 
cal  drop  impacts  presented  in  Fig.  3.2  to  3. A:  the  values  for  Type  I 
fractures  tend  to  agree  more  closely  than  those  associated  with  the 
ill-defined  Type  II  fractures  for  water  jet  impacts. 

The  observation  concerning  the  extent  of  the  subsurface  fractures 
based  on  microscopic  examination  of  the  intact  water  jet  impacted  speci¬ 
mens  using  transmitted  light  illumination  is  clearly  substantiated  by 
the  subsurface  fracture  patterns  in  Fig.  3.13.  A  sizable  degree  of  asym¬ 
metry  is  also  noted  in  the  higher  velocity  water  jet  impact  subsurface 
fracture  patterns. 

3.3  NYLON  BEAD  IMPACTS  ON  ZINC  SULFIDE 

'  I 

An  alternative  to  liquid  impacts  on  materials  is  the  use  of  soft 
solid  materials.  The  potential  for  this  approach  as  a  suitable  simula¬ 
tion  procedure  was  suggested  in  the  preliminary  investigation  reported 
by  Adler  and  James  (1979) . 

A  test  matrix  was  designed  for  the  velocity  range  from  300  to 
600  ms  ^  using  nylon  beads.  Since  no  simple  basis  was  available  for  es¬ 
tablishing  a  comparison  between  the  extent  of  the  damage  produced  by 
nylon  beads  and  that  due  to  2  mm  water  drops,  nylon  beads  with  nominal 
diameters  of  1.2,  1.6,  and  2.0  mm  were  used  in  these  experiments.  The 
liquid  drop  impact  facility  was  used  in  the  following  manner.  The  nylon 
beads  were  suspended  on  a  human  hair  and  positioned  so  they  would  impact 
the  center  of  the  specimen.  The  procedure  was  then  identical  to  that 
used  for  water  drop  collisions.  The  powder  gun  is  fired  and  the  same 


records  are  made  of  the  impact  event  as  for  a  water  drop  impact.  Traces 
of  the  hair  in  the  surface  fracture  pattern  are  seen  at  points  away  from 
the  central  damage  zone,  however  the  amount  of  damage  is  negligible  with 
respect  to  that  due  to  the  nylon  bead. 

A  selection  of  some  of  the  better  impacts  are  shown  in  Fig.  3.14. 
Several  effects  were  noted  with  respect  to  the  nylon  bead  collisions, 
however  the  subsurface  fracture  patterns  as  seen  in  Fig.  3.15  are  quite 
similar  to  those  for  water.  For  several  reasons  which  will  be  explained 
it  was  difficult  to  establish  empirical  correlations  between  the  extent 
of  the  subsurface  damage  due  to  nylon  bead  impacts  and  that  due  to  water 
drops  as  was  initially  thought  to  be  possible. 

The  nylon  formulation  from  which  the  beads  were  made  appeared  to 
be  moderately  crystalline.  The  mode  of  deformation  during  the  impact 
process  tended  to  be  locally  nonuniform.  This  lack  of  internal  uniformity 
generally  resulted  in  a  highly  Irregular  central  undamaged  zone  which 
also  led  to  local  perturbation  in  the  circumferential  fracture  pattern 
in  the  vicinity  of  the  boundary  of  the  central  undamaged  zone.  Although 
these  initial  distortions  were  present,  the  subsurface  fracture  patterns 
did  not  seem  to  be  overly  sensitive  to  their  occurrence.  In  addition  it 
was  found  that  a  negligible  to  sparse  amount  of  damage  would  result  if 
the  impact  conditions  were  not  severe  enough.  For  these  conditions  the 
nylon  bead  would  rebound  from  the  surface  as  a  solid  without  flowing  over 
the  surface  in  the  manner  of  a  liquid.  Thus  several  of  the  test  condi¬ 
tions  in  the  test  matrix  did  not  produce  usable  data.  Even  though  there 
was  significant  disruption  in  the  region  surrounding  the  central  undam¬ 
aged  zone,  the  far  field  circumferential  fractures  were  often  quite 
uniformly  distributed  and  concentric. 

Referring  to  Fig.  3.14,  it  is  observed  that  the  1.2  mm  nylon 
bead  Impact  at  602  ms  ^  does  show  evidence  for  the  initiation  of  radial 
fractures  in  contrast  to  the  equivalent  2  mm  water  drop  Impact  produced 
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(a)  Shot  no.  1217b:  1.6  nsn  nylon  bead  at  372  ms 
(transmitted  light  Illumination). 


(b)  Shot  no.  1215:  1.96  mm  nylon  bead  at  381  ms 
(transmitted  light  illumination). 


Figure  3.14,  Overview  of  nylon  bead  impacts  on  zinc  sulfide 


Shot  no.  1214:  1.2  mm  nylon  bead  at  602 
(reflected  light  illumination) . 

Figure  3.14.  (continued) 


(c)  Shot  no.  1200:  water  drop  impact  at  354  ms  ^ . 


Figure  3.15.  Comparison  of  subsurface  fractures  due  to  nylon 
bead  impacts  with  spherical  water  drop  impacts 
for  comparable  impact  conditions  on  zinc  sulfide. 
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by  a  water  jet  (Fig.  3.11).  The  cross  sections  for  nylon  bead  impacts 
in  Fig.  3.13  also  display  fractures  which  can  be  categorized  as  Type  I 
or  Type  II  to  the  same  extent  as  for  water  drop  impacts.  The  Type  II 
fractures  are  dominant  with  respect  to  fracture  depth  at  the  lower  impact 
velocities,  but  the  Type  I  fractures  become  dominant  at  the  higher  veloci¬ 
ties.  This  trend  corresponds  to  the  observations  for  water  drop  colli¬ 
sions.  The  increase  in  the  radial  location  of  the  dominant  Type  II  frac¬ 
ture  above  550  ms  ^  is  also  evident  in  the  cross  sections  in  Fig.  3.15 
and  in  the  data  summarized  in  Table  3.3. 

An  effort  was  made  to  measure  the  diameters  of  the  central 
undamaged  zones.  These  values,  in  several  instances  highly  approximate, 
are  tabulated  in  Table  3.3.  Profilometer  traces  of  some  of  the  more 
uniform  nylon  bead  impacts  are  shown  in  Fig.  3.16.  The  fairly  large  sur¬ 
face  fracture  displacements,  about  0.3  ym,  which  occur  in  the  vicinity 
of  the  central  undamaged  zone,  are  particularly  striking.  Some  tendency 
can  be  discerned  in  the  mean  surface  profile  for  the  existence  of  a  de¬ 
pressed  annulus  surrounding  the  central  zone  found  to  be  characteristic 
of  spherical  water  drop  collisions,  but  the  depressed  annulus  is  not  as 
evident  as  for  the  water  drop  impact  conditions. 

This  investigation  provides  support  for  the  existence  of  a 
meaningful  correspondence  between  nylon  bead  and  water  drop  impact  damage. 
The  similarity  in  both  the  qualitative  and  quantitative  features  of  the 
impact  damage  can  be  improved  if  the  beads  were  made  from  a  much  less 
crystalline  nylon  formulation  or  possibly  from  other  soft,  amorphous 
polymers . 
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Surface  profiles  through  centers  of  nylon  bead  impacts 
(a)  Shot  no.  1253:  1.6  mm  nylon  bead  at  499  ms-'*-;  (b) 


3.4  WATER  DROP  IMPACTS  ON  CALCIUM  FLUORIDE 

Both  single  crystals  and  polycrystals  of  calcium  fluoride  (CaF^) 
were  Investigated  for  their  response  to  water  drop  impacts  In  the  velocity 
range  from  457  to  536  ms  A  grain  size  variation  is  present  in  the 
polycrystalline  CaF^,  however  different  processing  procedures  were  used 
In  fabricating  these  materials. 

3.4.1  Material  Description 

Single  crystal  CaF^  was  investigated  as  a  baseline  material. 
Specimens  with  the  impact  face  in  the  (100)  and  (111)  planes  were  pre¬ 
pared  by  mechanical  polishing  and  chemically  etching  with  aqua  regia. 

A  micrograph  of  the  dislocation  etched  (100)  face  prior  to  water  drop  im¬ 
pact  is  shown  in  Fig.  3.17.  The  remainder  of  the  CaF^  investigated  are 
polycrystalline . 

Annealed  CaF^  with  very  large  grains  (approximately  5  mm)  was 
investigated  as  a  first  modification  of  the  single  crystal  condition. 

This  polycrystalline  material  is  produced  by  Harshaw  Chemical  Co.  and  is 
sold  under  the  trade  name  Polytran.  The  grains  are  of  varied  sizes  and 
random  orientations. 

A  material  with  smaller  grain  size  than  the  Polytran  was  obtained 
from  the  Eastman  Kodak  Co.  This  material  is  sold  under  the  trade  name 
Irtran  3  and  is  prepared  by  hot  press  sintering  a  CaF2  powder.  Irtran  3 
has  a  grain  size  of  approximately  100  microns  and  a  reasonably  low  dis¬ 
location  density  within  the  grains.  A  dislocation  etched  surface  is 
shown  in  Fig.  3.18.  The  Irtran  material  contains  many  inclusions  such 
that  when  viewed  with  the  naked  eye  it  appears  dirty  when  compared  to 
the  single  crystal  or  the  pressed -forged  materials  which  will  be  discussed 
next . 
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Figure  3.18.  Etched  surface 


Isostatic  press-forged  CaF^  discs  were  obtained  from  the  Air 
Force  Materials  Laboratory.  Specimens  were  prepared  from  16  mm  diameter 
cylinders  cored  from  larger  discs.  The  faces  on  the  cylindrical  speci¬ 
mens  were  parallel  to  the  faces  of  the  forging.  One  face  was  mechanically 
polished  and  chemically  etched.  A  micrograph  of  a  prepared  surface  is 
shown  in  Fig.  3.19.  As  can  be  seen  from  Fig. 3.19  the  press-forged  mate¬ 
rial  does  not  have  a  well-defined  microstructure  nor  discernible  grains. 
The  local  variations  in  grain  structure  (texture)  which  are  present  in 
this  material  are  shown  in  Fig. 3.20  at  a  lower  magnification. 

Anderson,  et  al.,  (1979),  describe  the  processing  details  for  the 
press-forged  material  from  single  crystal  blanks.  A  high  degree  of  cry¬ 
stallographic  orientation  is  observed  between  all  subgrains  (referred  to 
as  subgrains  here  because  the  materials  investigated  did  not  have  a  dis¬ 
tinct  grain  size  as  noted  above) .  They  found  during  fracture  tests  that 
the  specimens  would  fail  macroscopically  as  if  on  a  cleavage  plane.  The 
pseudo  cleavage  plane  coincides  with  the  average  of  the  individual  cleav¬ 
age  planes  of  the  subgrains.  Since  the  subgrains  were  highly  oriented 
the  material  fractured  in  the  manner  of  a  single  crystal. 

3.4.2  Results 


Water  drop  impacts  on  the  single  crystal  specimens  produced 
cleavage  fractures  on  the  {ill}  planes.  Limited  slip  deformations 
on  the  [110)  {100}  slip  system  were  also  observed.  Both  the  crystal¬ 
lographic  nature  of  the  fractures  and  the  dislocation  etched  slip  bands 
are  visible  in  Fig.  3.21  and  3,22  .  The  fracture  pattern  below  the  surface 
is  characteristic  of  the  impact  face  for  both  the  (111)  and  (100)  oriented 
crystals.  These  fracture  patterns  are  illustrated  in  Fig.  3.23a  and  b. 

For  both  the  (111)  and  (100)  oriented  impact  faces  it  was  verified 
that  the  fractures  are  predominantly  on  the  {ill}  planes  which  intersect 
the  impact  face  at  angles  of  70.5°  and  54.74°  for  (111)  and  (100)  oriented 
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Figure  3.21.  Etched  water  drop  impacted  surface  of  (111)  CaF2» 
Impact  velocity  is  520  ms-l.  Arrows  indicate 
cross  section  shown  in  Fig.  3.23a. 


X 


Figure  3.22. 


Etched  water  drop  impacted  surface  of  (100) 
CaF2»  Impact  velocity  is  529  ms-^.  Arrows 
indicate  cross  section  shown  in  Fig.  3.23b. 


64 


specimens,  respectively.  There  are  three  {ill}  planes  Intersecting  a 
(111)  Impact  face  and  four  {111}  planes  intersecting  a  (100)  oriented 
impact  face.  These  geometries  can  be  seen  in  Fig.  3.21  and  3.22.  The 
fractures  which  do  not  tend  to  follow  the  {ill}  cleavage  planes  can  be 
seen  as  radial  fractures  at  the  corners  of  the  primary,  fracture  arrays  on 
the  (100)  oriented  specimen  (Fig.  3.22)  and  as  a  large  ragged  chip  on  one 
of  the  three  radial  arms  of  the  (111)  oriented  Impact  specimen  seen  in 
Fig.  3.21.  These  non  {ill}  cleavage  plane  fractures  do  not  appear  in 
water  drop  impacts  at  lower  velocities  (Adler  and  James,  1979). 

In  order  to  reveal  dislocations  the  specimens  were  etched  in  aqua 
regia  for  1  min.  at  20°C.  The  etchant  not  only  reveals  dislocations  but 
also  accentuates  the  intersection  of  fine  fractures  with  the  surface. 

Very  tightly  closed  and  fine  fractures  are  also  made  visible.  Disloca¬ 
tion  etch  pits  and  slip  bands  due  to  the  water  drop  collisions  can  be 
seen  in  both  the  (100)  and  (111)  oriented  specimens.  Although  single 
crystal  CaF2  does  exhibit  dislocation  slip  during  water  drop  impact,  slip 
is  much  less  pronounced  in  CaF2  than  in  MgO  (Adler  and  James,  1979). 
Conversely  MgO  exhibits  much  shallower  and  less  damaging  fractures  than 
CaF2. 

To  determine  the  influence  of  grain  boundaries  on  impact  damage, 
a  specimen  of  Harshaw  Polytran  was  impacted  with  the  result  shown  in 
Fig.  3.24.  The  impact  in  Fig. 3. 24  occurred  entirely  within  a  single 
grain  with  the  impacted  surface  closely  oriented  to  a  (100)  plane.  The 
similarity  between  the  (100)  single  crystal  impact  and  the  Polytran  im¬ 
pact  is  readily  apparent. 

A  macroscopically  noncrystallographic  fracture  pattern  resulted 
for  water  drop  impacts  on  Irtran  3:  in  fact  the  fracture  pattern  looks 
like  the  fracture  patterns  produced  in  ZnS.  Although  the  damage  pattern 
appears  isotropic  on  a  macroscopic  scale,  on  a  microscopic  scale  the  frac¬ 
tures  are  still  very  much  affected  by  the  crystallography.  Figure  3.25 


Figure  3.24.  Water  drop  impact  damage  on  very  large 

grain  CaF^.  Impact  velocity  is  518  ms_l. 
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(a)  Etched  impact  face. 


(b)  Etched  cross  section. 


Figure  3.25.  Water  drop  impact  damage  on  hot  pressed  CaFj. 
Impact  velocity  is  518  ms"l. 
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displays  the  Impact  face  and  a  cross  section  of  the  fractures  due  to  a 
water  drop  Impact  at  518  ms  ^ .  Within  individual  grains  the  fractures 
tend  to  almost  always  follow  the  {ill}  cleavage  planes  of  the  grain.  In 
addition  to  the  small-scale  cleavage  plane  influence,  the  grain  boundaries 
also  influence  the  form  of  the  fracture  patterns.  The  fracture  trajec¬ 
tories  are  affected  by  different  factors  in  different  regions  of  the  im¬ 
pact  volume.  Beyond  moderate  distances  from  the  Impact  site  grain  bound¬ 
aries  are  the  preferred  fracture  path.  The  course  of  the  fracture  tra¬ 
jectories  in  this  region  can  be  seen  in  the  enlarged  cross  section  in 
Fig.  3.26.  In  addition  to  aiding  and/or  altering  the  fractures  in  this 
region  as  observed  in  cross  sectional  views,  the  grain  boundaries  appear 
to  enhance  the  extent  of  damage  visible  on  the  impact  surface.  Fractures 
are  visible  on  the  surface  at  significantly  greater  radii  than  were  ob¬ 
served  in  either  the  single  crystal  specimens,  Polytran,  or  the  press- 
forged  material.  These  circumferential  surface  fractures  surrounding 
the  impact  site  are  visible  in  Fig.  3.27. 

At  higher  Impact  velocities  <546  ms  *")  Irtran  3  responds  qualita¬ 
tively  in  the  same  manner  as  described  above  but  in  addition  individual 
grains  and/or  groups  of  grains  are  removed  from  the  surface  (see 
Fig.  3.28). 

The  impact  fracture  patterns  for  press-forged  CaF2  are  shown  in 
Fig.  3.29.  A  strong  tendency  for  crystallographic  geometry  in  the  frac¬ 
ture  patterns  was  observed.  The  impacts  can  be  loosely  organized  into 
three  classes  depending  on  the  Impact  fracture  pattern.  The  three  general 
categories  based  on  the  average  orientation  of  the  impact  face  are:  the 
Impact  face  is  oriented  close  to  a  (100)  (Fig.  3.29a),  the  Impact  face 
is  oriented  close  to  a  (111)  plane  (Fig.  3.29b),  and  the  impact  face  is 
oriented  intermediate  to  (100)  and  (111)  planes  (Fig.  3.29c  and  d) .  As 
previously  noted  the  press  forged  material  has  a  highly  oriented  micro¬ 
structure  and  therefore  has  "quasi”  cleavage  planes  due  to  the  close 
coincidence  of  {  111}  cleavage  planes  in  adjacent  subgrains.  The  damage 
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Figure  3.27.  Circumferential  fractures  present  on  the  specimen 
in  Fig.  3.25a  as  seen  when  viewed  in  transmitted 
illumination.  Note  the  large  radial  distances  at 
which  circumferential  fractures  are  found. 


Figure  3.28.  Surface  grain  removal  for  hot-pressed  CaF2 
due  to  water  drop  impingement  at  546  ms~l. 


(a)  Impact  face  oriented  close  to  a  {100}  orientation 
(at  495  ms-*) . 

_  / 
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(b)  Impact  face  oriented  close  to  a  {111}  orientation 
(at  457  ms“l) . 

Figure  3.29.  Water  drop  impact  damage  on  press-forged  CaF2» 
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(d)  Impact  face  oriented  a  second  intermediate 
orientation  (at  530  ms-1) . 

Figure  3.29,  (continued) 

73 


then  reflects  the  crystallography  of  the  average  orientation  of  the 
surface  impacted.  The  similarity  of  the  damage  in  Fig.  3.29a  to  that 
in  Fig.  3.22  and  3.24  illustrates  this  joint ._  In  addition  to  having  a 
crystallographic  impact  fracture  pattern  on  the  impact  face  the  press- 
forged  material  also  fractures  on  the  average  cleavage  planes  below  the 
surface .  The  subsurface  fracture  pattern  corresponding  to  the  impact  in 
Fig.  3.29a  is  shown  in  Fig.  3.30.  It  can  be  seen  from  the  cross  section 
that  the  { 111}  cleavage  planes  which  for  a  { 100}  oriented  impact 
Fig.  3.23b)  intersect  the  surface  at  54°  are  now  oriented  such  that  one 
set  of  {ill}  planes  is  approximately  perpendicular  to  the  surface  and  the 
other  inclined  at  18° .  The  three  axis  pattern  of  an  impact  on  a  {  111} 
oriented  surface  (Fig.  3.21)  is  recognizable  in  the  fracture  pattern  of 
the  specimen  whose  face  was  oriented  close  to  {ill}  (Fig.  3.29b).  The 
subsurface  fractures  for  this  impact  (see  Fig.  3.31)  do  not  show  the  ex¬ 
clusive  preference  for  the  average  {  111}  cleavage  planes  as  did  the  im¬ 
pact  on  the  specimen  whose  orientation  was  close  to  {100  }.  The  general 
lack  of  fractures  on  the  average  cleavage  planes  may  be  due  to  their  un¬ 
favorable  orientation  to  the  transient  stresses  passing  through  this 
region.  The  fractures  visible  in  cross  section  for  the  impact  shown  in 
Fig.  3.29c  (orientation  intermediate  to  {100}  and  {ill})  are  shown  in 
Fig.  3.32. 
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Figure  3.30.  Subsurface  fracture  pattern  for  a  water  drop 

collision  on  press-forged  CaF2  with  the  impact 
face  close  to  a  {  100}  plane.  This  section  is 
denoted  by  a  pair  of  arrows  on  Fig.  3.29a. 


Figure  3.31.  Subsurface  fracture  pattern  for  a  water  drop 

collision  on  press-forged  CaF2  with  the  impact 
face  close  to  a  {  111}  plane.  This  section  is 
denoted  by  a  pair  of  arrows  on  Fig.  3.29b. 


200  um 

I - 1 


Figure  3.32.  Subsurface  fracture  due  to  a  water  drop  impact  on 
press-forged  CaF£  with  the  impact  face  oriented 
intermediate  to  a  {100}  and  {111}  orientation. 
This  section  is  denoted  by  a  pair  of  arrows  on 
Fig.  3.29c. 
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4.0 - DISCUSSION  AND  CONCLUSIONS 


Spherical  water  drop  impact  damage  on  CVD  zinc  sulfide  has  been 
investigated  in  considerable  depth.  Measurements  of  the  identifiable 
features  of  the  impact  damage  have  been  made  which  provide  a  data  base 
for  this  material  at  impact  velocities  from  200  to  825  ms  ^ .  The  ideal 
spherical  geometry  of  the  water  drops  prior  to  impingement  on  a  homo¬ 
geneous,  isotropic  target  material  makes  possible  direct  correlations  be¬ 
tween  the  loading  imparted  to  the  target  and  the  response  of  the  target. 

The  indirect  evidence  provided  by  the  form  of  the  deformation  of 
the  contact  zone  supports  the  peak  pressure  distributions  obtained  from 
experiments  and  from  finite  difference  computational  models  whereby  the 
peak  pressure  occurs  in  the  vicinity  of  the  periphery  of  the  contact 
zone  and  the  maximum  peak  pressure  occurs  away  from  the  axis  of  symmetry. 
Consideration  of  the  computed  form  of  the  spatially  and  temporally  vary¬ 
ing  pressure  distribution  leads  to  the  hypothesis  that  the  average  pres¬ 
sure  distribution  is  fairly  uniform  with  a  magnitude  close  to  the  value  of 
the  water  hammer  pressure.  This  observation,  along  with  the  fact  that 
the  kinematics  of  the  initial  stages  of  the  water  drop  collision  process 
are  adequately  represented  by  the  geometric  relation  for  a  compressible 
water  drop  impacting  a  rigid  surface,  is  consistent  with  the  assumptions 
made  regarding  the  surface  pressure  distribution  in  Blowers'  analysis 
(Blowers,  1969)  for  evaluating  the  elastic  stresses  in  the  target  material 
prior  to  the  onset  of  lateral  outflow  jetting.  Comparisons  based  on  the 
limited  published  results  from  finite  difference  computations  with  the  re¬ 
sults  from  Blowers'  analysis  have  also  been  made  and  are  in  reasonable 
agreement.  Blowers'  analysis  may  therefore  be  regarded  as  a  viable  approach 
for  understanding  the  response  of  the  target  to  water  drop  impingement. 

The  experimental  fracture  response  of  the  target  can  therefore 
be  interpreted  in  terras  of  the  transient  stress  distributions  readily 
available  from  Blowers'  analysis.  An  initial  effort  in  this  direction 


has  shown  a  very  close  correlation  with  the  onset  of  circumferential 
fracturing  outside  the  central  undamaged  zone  and  the  radial  tensile 
stresses  whlch-develop  prior-to  and,  after  separation  of  the  shear  wave 
from  the  contact  zone.  This  analysis  has  provided  an  explanation  for 
the  general  character  of  the  Type  I  and  Type  II  fractures  identified  on 
cross  sectioned  water  drop  impacted  specimens  as  seen  in  Fig.  2.2,  3.13, 
and  3.15.  More  detailed  comparisons  between  the  experimental  measure¬ 
ments  and  the  calculated  results  will  be  made  now  that  there  is  a 
rationale  for  these  comparisons. 

Although  there  is  considerable  statistical  variation  in  the 
fractures  created  by  the  water  drop  impact,  measurements  of  the  location 
and  depth  of  the  largest  Type  I  and  Type  II  fractures  viewed  in  cross 
section  did  provide  reasonably  consistent  data.  The  magnitudes  of  the 
average  fracture  depths  for  the  Type  I  and  Type  II  fractures  in  Fig.  3.3 
and  3.4  are  quite  similar  except  for  the  most  severe  collisions.  The 
fracture  depths  increase  monotonically  with  impact  velocity  as  would  be 
expected.  The  interesting  result  however  is  the  dramatic  increase  in 
the  radial  locations  of  the  Type  II  fractures  at  an  impact  velocity  of 
550  ms  (Fig.  3.2).  The  magnitude  of  the  transition  is  considerably 
larger  than  the  inherent  experimental  error  in  the  identification  and 
measurement  of  these  radial  distances.  The  observed  transition  corre¬ 
sponds  to  the  onset  of  random  radial  fractures  which  appear  to  originate 
at  intersecting  circumferential  fracture  surfaces  usually  away  from  the 
central  damage  zone.  Blowers'  analysis  does  indicate  that  significant 
circumferential  tensions  are  present  at  these  approximate  locations. 

The  exact  sequence  of  events  taking  place  and  the  features  at  the  origin 
of  these  fractures  have  not  been  adequately  investigated  to  reach  any 
conclusions  concerning  their  formation.  Horizontal  fractures  are  also 
observed  below  the  impact  site  for  the  higher  velocity  impacts  as  shown 
in  Fig.  3.8.  A  horizontal  fracture  below  the  impact  site  was  first  de¬ 
tected  for  an  impact  at  582  ms  .  The  horizontal  fractures  are  thought 
to  be  due  to  rapid  elastic  recovery  of  the  central  region  of  the  impact 
which  becomes  significant  for  the  higher  velocity  impacts.  Uplifting  of 
the  central  portion  of  the  damage  site  by  several  micrometers  is  seen  on 
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prof Home ter  traces  passing  through  the  center  of  the  damage  zone.  The 
variation  in  the  surface  profile  can  be  seen  in  Fig.  3.7  with  the  char¬ 
acteristic  shape  at  velocities  below  600  ms  x  being  a  depressed  annular 
region  surrounding  the  central  undamaged  zone. 

The  general  fracture  patterns  for  nylon  bead  collisions  on  zinc 
sulfide  are  found  to  be  similar  to  those  due  to  water  drop  impacts  (Fig. 
3.15).  The  determination  of  the  conditions  for  which  the  Impact  damage 
is  nearly  identical  for  these  two  loading  conditions  is  not  straightfor¬ 
ward.  Better  experimental  results  may  be  achieved  with  nylon  formula¬ 
tions  which  are  less  structured  than  the  one  from  which  the  beads  used 
in  the  impact  experiments  were  made.  Other  soft,  amorphous  polymers  may 
also  be  considered  for  this  purpose.  The  correlation  with  water  drop 
impact  damage  on  zinc  sulfide  does  not  appear  to  be  a  general  result 
based  on  preliminary  experiments  with  polymethylmethacrylate  and  single 
crystal  magnesium  oxide.  The  classes  of  materials  for  which  the  water 
drop/nylon  bead  correlation  is  valid  remains  to  be  determined. 

While  the  nylon  bead  collisions  were  found  to  have  potential  for 
producing  damage  comparable  to  that  due  to  water  drop  impacts,  the  damage 
on  zinc  sulfide  produced  by  well-characterized  water  jets  designed  to 
simulate  the  effects  of  small  water  drop  impacts  did  not  display  the  same 
degree  of  similarity.  Differences  were  observed  both  in  the  nature  and 
extent  of  the  circumferential  fracture  arrays  on  the  surface  of  the  speci¬ 
mens  (Fig.  3.10  and  3.11)  and  for  the  subsurface  fracture  patterns  (Fig. 
3.13).  The  general  form  of  the  surface  profiles  observed  for  water  drop, 
nylon  bead,  and  water  jet  impacted  zinc  sulfide  is  shown  in  Fig.  4.1 
based  on  the  profilometer  traces  in  Fig.  3.7,  3.12  and  3.16.  A  definite 
distinction  is  seen  to  occur  in  the  surface  deformation  patterns.  The 
profiles  for  nylon  bead  collisions  are  seen  to  be  much  closer  in  form  to 
water  drop  collisions  than  the  water  jet  impacts.  Correspondingly,  dif¬ 
ferences  would  be  assumed  to  be  present  in  the  spatial  and  temporal  de¬ 
velopment  of  the  pressure  loading  conditions.  Zinc  sulfide  appears  to 
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(a)  Due  to  Water  Drop  Impact. 


(b)  Due  to  Nylon  Bead  Impact. 


(c)  Due  to  Water  Jet  Impact. 


Figure  4.1.  General  form  of  the  profllometer  traces  for 

water  drop,  nylon  bead,  and  water  jet  Impacted 
zinc  sulfide  at  velocities  up  to  600  ms-*. 
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be  sensitive  to  the  differences  between  the  water  drop  and  water  jet 
impact  pressure  distributions  which  have  to  be  significant  to  produce  the 
large  discrepancies  in  the  fracture  response  seen  in  Fig.  3.13.  No  ex- 

- planaf-tnn  for  the  observations  associated  with  the  water  jet  will  ha  of-  _ 

fered.  The  correlation  between  nylon  bead  and  water  drop  subsurface  frac¬ 
ture  patterns  would  also  indicate  that  the  unloading  phase  of  the  inter¬ 
facial  pressure  does  not  appear  to  be  too  significant  up  to  600  ma 
The  rate  of  unloading  and  the  spatial  pressure  distribution  will  be  quite 
different  for  a  nylon  bead  compared  to  a  water  drop  which  has  no  mechanism 
for  recovering  its  initial  form. 

Although  the  radial  extent  of  fractures  visible  on  the  impact 
surface  appears  to  be  similar  for  single  crystal,  large  grain  polycrystal¬ 
line  (Polytran) ,  hot  pressed  and  press-forged  calcium  fluoride,  the  extent 
and  character  of  the  subsurface  fractures  are  not  at  all  similar.  In 
single  crystal  and  polycrystalline  (Polytran)  specimens  the  fractures  run 
rather  easily  on  the  cleavage  planes:  especially  when  they  are  favorably 
oriented.  The  effect  of  favorable  orientation  can  be  easily  seen  by  com¬ 
paring  the  radial  extent  of  fractures  visible  on  the  impact  face  of  the 
(100)  and  (111)  oriented  specimens  (Fig.  3.21  and  3.22).  In  the  (100) 
orientation  the  fractures  are  more  or  less  concentrated  around  the  central 
undamaged  zone,  whereas  in  the  (111)  orientation  the  fractures  are  arrayed 
out  to  great  distances  along  three  radial  arms.  ThiB  behavior  of  the  (100) 
oriented  specimens  is  due  to  the  highly  favorable  orientation  of  the  four 
{111}  cleavage  planes  to  the  (100)  impact  face.  The  54.7°  intersection  of 
cleavage  planes  with  the  surface  closely  approximates  the  fracture  paths 
which  form  in  an  isotropic  material  such  as  the  small  grained  ZnS  con¬ 
sidered  in  Sections  3.1  to  3.3.  On  the  other  hand,  for  the  (111)  oriented 
specimens  only  three  cleavage  plants  intersect  the  surface  and  they  are 
oriented  at  70.5°  to  the  impact  face.  The  absence  of  favorably  oriented 
cleavage  planes  causes  numerous  shallow  fractures  to  form  at  great  dis¬ 
tances:  especially  where  the  cleavage  planes  are  oriented  down  and  to¬ 
wards  the  impact  center  (see  Fig.  3.23a  for  example).  Therefore  for  a 
given  Impact  energy  to  be  dissipated  by  cleavage  the  fractures  must  be 
deeper  and/or  there  must  be  more  of  them. 
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Impacts  on  hot-pressed  sintered  calcium  fluoride  produce  fractures 
which  follow  the  grain  boundaries  in  addition  to  cleavage  plane  fractures 
in  the  grains.  Jlhe  grain  boundaries  occur  lu  produce  both  nucleation 
sites  at  the  surface  as  well  as  provide  fracture  paths  within  the  specimen 
away  from  the  impact  site.  The  apparent  weakness  of  the  grain  boundaries 
may  be  due  to  the  visibly  detectable  high  impurity  level  in  this  material. 
Since  the  material  is  hot-pressed  sintered  the  impurities  have  ample  op¬ 
portunity  to  diffuse  to  the  grain  boundaries  and  reduce  their  mechanical 
properties.  The  reduced  mechanical  properties  are  demonstrated  by  both 
the  observed  fracture  paths  and  the  observed  removal  of  complete  grains 
from  the  surface  (Fig.  3.28). 

Although  the  press-forged  material  appears  to  show  some  improvement 
in  fracture  depth  attenuation  over  the  single  crystal,  Polytran,  and  the 
hot-pressed  sintered  materials,  further  improvements  almost  certainly 
would  result  if  the  highly  oriented  microstructure  could  be  made  iso¬ 
tropic.  The  highly  oriented  microstructure  allows  quasicleavage  frac¬ 
tures  to  propagate  only  marginally  attenuated  comparable  to  a  single 
crystal.  An  isotropic  microstructure  would  minimize  cleavage  type  frac¬ 
tures  to  be  dissipated  by  plastic  deformation.  This  effect  is  based  on 
observations  made  for  magnesium  oxide  where  the  introduction  of  numerous 
dislocations  into  the  surface  prior  to  impact  enhanced  energy  dissipation 
by  plastic  deformation  (dislocation  slip)  to  the  extent  that  the  fracture 
stress  was  never  exceeded  (Adler  and  James,  1979).  The  hot-pressed  sin¬ 
tered  material  was  somewhat  isotropic  in  its  fracture  response,  but  this 
failed  to  produce  any  increase  in  its  water  drop  impact  resistance  be¬ 
cause  the  grain  boundaries  provided  easy  fracture  paths  in  addition  to 
the  cleavage  planes  within  grains . 
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